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Abstract
Microarray analysis of gene expression profiles of total mRNA was studied in rams experimentally-infected 
with the virulent strain of Brucella ovis (B. ovis). The tissues studied included reproductive organs (epididymus, 
testicles, ampolae, vesicular glands, bulbourethral glands) and a pool of lymph nodes (inguinal and scrotal). The 
microarray analysis of each tissue was done at three time points: acute infection (60 days post infection [dpi]), 
chronic infection phase I (120 dpi), and chronic infection phase II (240 dpi). The gene expression profiles associated 
to B. ovis infection were determined using the Affymetrix Bovine Genome Array and expression levels of infected and 
uninfected rams (control group, 0 dpi) were compared. Of the 23,000 genes analyzed in the microarrays, 139 during 
acute phase of infection, 930 during the chronic phase I and 744 genes from the chronic phase II were identified as 
Differentially Expressed Genes (DEGs). Thirty known genes and fourteen unknown genes were expressed during 
the three phases of infection in all tissues. The biological functions of these genes included immune cell trafficking, 
immunological disease, infectious disease, inflammatory disease, inflammatory response and cellular movement, 
and significant differences were observed at the three phases of infection and in all infected tissues. For the first 
analysis, 8 genes in common during the three time points and to all infected tissues were chosen for the microarray 
validation. Acute phase of infection supported the relevance of the ataxia telangiectasia-mutated ATMIN (ATM 
interactor) gene. RCHY1 (ring finger and CHY zinc finger domain containing 1), ANKFY1 (ankyrin repeat and FYVE 
domain containing 1) and EFEMP1 (EGF-containing fibulin-like extracellular matrix protein 1) were also highlighted 
by the analysis during chronic phase I of infection. ZRAB2 (Zinc finger, RAN-binding domain containing 2) was 
validated at chronic phase II. This study represents the first analysis of microarray gene expression in different 
tissues of rams infected with of B. ovis at various times during infection and many of the genes identified require 
further study. These results expand the knowledge of the pathogenesis of this B. ovis strain infection in rams and 
suggest new genes and pathways for further investigation. 
Keywords: Brucella ovis; Brucellosis; Microarray; Sheep; Rams; Gene 
expression
Introduction
Brucella ovis is the causative agent of ovine brucellosis or 
contagious epididymitis, a disease mainly characterized by infertility 
in rams [1]. Brucella spp. replicate and persist within macrophages 
in host tissues, including male and female reproductive tissues 
[2]. Infection of these tissues with B. ovis results in a moderate 
inflammatory response, and virulence factors promote evasion of the 
immune response favoring persistent infection [3,4]. In rams at 30 
dpi with B. ovis in the acute phase of infection, the host immune 
response was notable with an up-regulation of several cytokines 
in reproductive tissues. During the development of infection, 
cytokine gene expression levels decreased, providing evidence 
of immunosuppression and immune evasion which favoured 
persistence of chronic B. ovis infection [5,6]. Previous microarray 
studies of gene expression patterns were done up to 60 dpi in rams 
experimentally-infected with B. ovis using buffy coat cells [7], and 
the use of heterologous array hybridization (screening for gene 
expression in one species using a microarray developed for another 
species) was also done [7,8]. In this study, characterization of gene 
expression using total mRNA was done by microarray hybridization 
and real-time PCR (qRT-PCR) in multiple tissues collected over of 
eight months (240dpi) from rams experimentally-infected with B. 
ovis. 
Experimental Procedures
Experimental infection
Twelve, 1 year-old Santa Inês rams, confirmed negative for 
brucellosis were selected for the study. In accordance with Marin et 
al. [7] serum samples tested negative by the AGID technique for ovine 
brucellosis. The rams were kept in an isolated pen and experimentally-
infected with the B. ovis PA strain (ATCC25840) [9] provided by Dr. 
Renato L. Santos (Universidade Federal de Minas Gerais, UFMG, Belo 
Horizonte, Minas Gerais, Brazil). Experiments were conducted with the 
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approval of Ethical Committee of UNESP (Ethics committee protocol 
nr.: 69/2008). The B. bovis strain was cultured on blood agar base 
plates, and incubated for 48h at 37ºC and 10% CO2. Bacteria were then 
washed with 10mM phosphate buffered saline (PBS; pH 6.8), and the 
concentration was adjusted using a spectrophotometer (550nm). The 
rams were then infected with a total of 2.2 x 109 B. ovis CFU in 60 μl 
administered in two doses (30 μl administered conjunctivally and 30 
μl intrapreputially). Uninfected (control) rams were inoculated in the 
same manner with sterile distilled water. Rams were then assigned four 
to groups of 3 rams each: (1) control (0 dpi), (2) acute phase (60 dpi) 
(3) chronic phase I (120 dpi) and (4) chronic phase II (240 dpi). From 
each group, samples of epididymus, testicles, ampolae, vesicular glands, 
bulbourethral glands, and a pool of lymph nodes (inguinal and scrotal) 
were collected at necropsy from each ram. Gene expression changes 
associated to B. ovis infection were determined using using microarray 
analysis and data from the infected and control groups were compared. 
All tissues were tested by PCR for B. ovis infection [10]. After 15 dpi, 
infection in rams was also confirmed by serology using the Agar Gel 
Immunodiffusion (AGID; Instituto de Pesquisas Veterinárias Desidério 
Finamor – IPVDF, Eldorado do Sul/RS, Brazil). 
Microarray hybridization and analysis
Total RNA was isolated from tissue samples collected at 0, 60, 120, 
240 dpi using Invisorb® Spin Tissue RNA Mini Kit (Invitek Gmbh, 
Germany) according to manufacturer’s instructions, and purified with 
the RNeasy Mini-kit (Qiagen, Mississauga, ON, Canada). Total RNA was 
quantified by absorbance at 260 nm. The quality of RNA preparations 
was confirmed by electrophoresis and the Agilent Bioanalyzer (Agilent 
Technologies, Palo Alto, CA, USA). Only samples with a preserved 
rRNA ratio (28S/18S), no evidence of RNA degradation and values ≥ 
8 using the Bioanalyzer were used for the microarray hybridization 
and qPCR studies. Expression measurements of 23,000 genes were 
performed with the Affymetrix GeneChip® Bovine Genome Array 
(Affymetrix, USA) used previously for microarray analysis of sheep 
tissues [11], and the RNA labeling and hybridization protocols were 
carried out according to manufacturer’s instructions. After array 
scanning, quality control was performed using the GCOS software 
(Affymetrix, USA) according to the manufacturer’s recommendations. 
The quality control also was verified using Expression Console (http://
www.affymetrix.com/browse/level_seven_software_products_only.jsp
productId=131414&categoryId=35623#1_1). The unwanted variables 
(batch effects) were removed using ComBat methodology (http://
jlab.byu.edu/ComBat/Abstract.html) [12]. The IQR (Inter-Quartile-
Range) filter available at R/Bioconductor [13] was then applied. Gene 
expression values were obtained using the three-step Robust Multi-
array Average (RMA) pre-processing method, implemented in the 
Affy package from R/Bioconductor [13]. In order to select DEG’s the 
non-parametric RankProd method was used with a p-value ≤ 0.05 and 
adjusted for FDR (False Discovery Rate) [14,15], a method which uses 
hierarchical clustering (HCL) to group data with the Pearson correlation 
coefficient in order to calculate the distance and linkage between 
groups (available at http://acgt.cs.tau.ac.il/expander/index.html) [16]. 
In order to perform a functional annotation analysis of DEG’s, IPA 
(Ingenuity Pathway Analysis, http://www.ingenuity.com) tools were 
used, considering the default parameters: molecules per network=35; 
networks per analysis=25; and direct relationships between genes and 
the “Ingenuity Expert Information” data source, including the new 
option of “Ingenuity Expert Assist Findings” in which the information 
was manually reviewed and curated from full-text scientific publications. 
In this first microarray analysis of rams experimentally infected with 
B. ovis aimed to the comparison in each time points among the six 
infected reproductive tissues and the six controls tissue. Only repeated 
DEGs or commom genes to all infected tissues for each time points 
were recorded and used for functional analysis. The microarray data 
were deposited in the NCBI Gene Expression Omnibus (GEO) under 
the platform accession number GSE35615.
Validation of microarray expression using real-time qRT-
PCR 
The total RNA extracted from tissues of experimentally-infected 
rams collected at 0, 60, 120 and 240 dpi was analyzed by qRT-PCR 
using gene-speciﬁc primers and the iScript One-Step RT-PCR Kit 
with SYBR Green and an iQ5 thermal cycler (Bio-Rad, Hercules, 
CA, USA) following manufacturer’s recommendations. The mRNA 
levels were normalized against Ovis aries glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), and the ratios between infected (60, 120 
and 240 dpi) and uninfected (0 dpi) values were calculated. Data 
were normalized to a calibrator sample using the ∆∆Ct method 
with correction for amplification efficiency [17]. The validation of 
microarray data was done by comparisons between DEGs. Comparison 
(1) acute vs chronic I, (2) chronic I vs chronic II, (3) acute vs chronic 
II and (4) comparison 1 vs comparison 3. To validate the microarray 
data, DEGs between the three stages of infection (comparison 4) and 
with the most significant biological functions (IPA tools) were chosen 
for analysis by qRT-PCR. The correlation between microarray and 
qRT-PCR assays for the infected and control rams was calculated using 
Spearman’s correlation test.
Results 
All rams from infected groups were seropositive after 15 dpi, 
confirming the infection. During the experiment, tissues samples 
(epididymus, testicles, ampolae, vesicular glands, bulbourethral glands, 
and a pool of lymph nodes (inguinal and scrotal) from each infected 
group (time points: 30 dpi, 60 dpi, 120 dpi, 240 dpi) were collected after 
euthanasia and tested B. ovis PCR positive. All DEGs found in each 
time points should be understood as the result of repeated gene or gene 
in commom to all infected tissues at each period of infection.
Acute phase of infection (60 dpc)
The differentially expressed genes (DEGs) found at this time 
of infection were noted only genes that were repeated in all infected 
tissues. After microarray analysis at 60 dpi of the 23,000 genes, 139 
repeated DEGs were found in all infected tissues. From the 139 DEGs 
in this group, 119 (≥ 1.3 fold change) were upregulated (83 known 
and 36 unknown genes) and 20 were downregulated (16 known and 
4 unknown genes). The IPA tool (Ingenuity Pathway Analysis, http://
www.ingenuity.com) was subsequently used to characterize biological 
functions and main canonicals pathways of the 139 DEGs (Table 1). 
After the clustering analysis, the ram tissues were grouped according 
to their disease condition (Figure 1, Supplementary material). The IPA 
software demonstrated an activation of different cellular functions 
after the infection, the top functions included: infectious diseases, 
immunological disease, inflammatory disease, protein degradation, 
protein synthesis, cancer, gene expression, cell cycle, nucleic acid 
metabolism, small molecule biochemistry, cell signaling, DNA 
replication, recombination, and repair, and cell-to-cell signaling and 
interaction. The IPA tools also identified DEGs significantly associated 
with biological functions: immunological disease, inflammatory 
diseases, infectious diseases, tumor morphology and reproductive 
system disease. 
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Canonical Pathwaysa  p-valueb
IL-3 Signaling 1.98E00
Production of Nitric Oxide and Reactive Oxygen Species in Macrophages 1.86E00
p53 (tumor protein 53 ) Signaling 1.82E00
Role of NFAT (nuclear factor of activated T cells) in Regulation of the Immune Response 1.8E00
T Cell Receptor Signaling 1.73E00
CD28 Signaling in T Helper Cells 1.52E00
EGF (Epidermal growth factor )Signaling 1.42E00
IL-2 Signaling 1.29E00
GM-CSF (Granulocyte-macrophage colony-stimulating factor ) Signaling 1.21E00
CD40 Signaling 1.19E00
Macropinocytosis Signaling 1.15E00
Regulation of IL-2 Expression in Activated and Anergic T Lymphocytes 1.04E00
CTLA4 (Cytotoxic T-Lymphocyte Antigen 4)  Signaling in Cytotoxic T Lymphocytes 1.03E00
SAPK/JNK  (stress-activated protein kinase/c-Jun NH2-terminal kinase ) Signaling 1.02E00
IL-12 Signaling and Production in Macrophages 8.96E-01
IGF-1 (insulin-like growth factors ) Signaling 8.78E-01
TNFR2 (Tumor necrosis facror recptor 2) Signaling 7.65E-01
IL-9 Signaling 7.32E-01
MIF (Macrophage migration inhibition factor ) Regulation of Innate Immunity 7.02E-01
B Cell Receptor Signaling 6.89E-01
B Cell Activating Factor Signaling 6.62E-01
IL-17A Signaling in Fibroblasts 6.62E-01
Clathrin-mediated Endocytosis Signaling 6.3E-01
Endothelin-1 Signaling 6.24E-01
TNFR1(Tumor necrosis facror recptor 1)  Signaling 6.14E-01
CXCR4 (C-X-C chemokine receptor type 4) Signaling 6.13E-01
CD27 Signaling in Lymphocytes 6.03E-01
Toll-like Receptor Signaling 5.82E-01
LPS/IL-1 Mediated Inhibition of RXR (Retinoid X receptor beta (RXR-beta ) Function 5.72E-01
Acute Phase Response Signaling 5.53E-01
IL-8 Signaling 5.43E-01
Leukocyte Extravasation Signaling 5.39E-01
Molecular Mechanisms of Cancer 5.37E-01
Role of JAK1 (Janus kinase 1)and JAK3 (Janus kinase 3) in γc Cytokine Signaling 5.27E-01
IL-4 Signaling 5.19E-01
IL-17A Signaling in Airway Cells 5.11E-01
JAK/Stat (Janus kinase/ Signal Transducer and Activator of Transcription) Signaling 4.95E-01
Chemokine Signaling 4.95E-01
IL-10 Signaling 4.87E-01
IL-15 Signaling 4.87E-01
Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses 4.66E-01
CCR5 (C-C chemokine receptor type 5 )Signaling in Macrophages 4.53E-01
IL-17 Signaling 4.46E-01
TGF-β (Transforming growth factor beta ) Signaling 4.22E-01
Natural Killer Cell Signaling 3.64E-01
IL-1 Signaling 3.55E-01
VEGF (Vascular endothelial growth factor ) Signaling 3.5E-01
Virus Entry via Endocytic Pathways 3.46E-01
IL-6 Signaling 3.46E-01
Fc Epsilon RI Signaling 3.37E-01
CCR3 C-C chemokine receptor type 3 )Signaling in Eosinophils 3.21E-01
Cdc42 (Cell division control protein 42) Signaling 2.99E-01
Dendritic Cell Maturation 2.6E-01
NF-κB ((nuclear factor kappa-light-chain-enhancer of activated B cells) Signaling 2E-01
a Functional annotation analysis of the differentially expressed genes (DEGs) with the IPA (Ingenuity Pathway Analysis, http://www.ingenuity.com) tools. The IPA tool defines 
the most significant biological functions through association with the largest number of DEGs correlated to these functions. Canonical pathways are known classic routes 
and well-established of biological functions evidenced by validated genes. 
b P value determined from the average log2 ratio using Bioconductor (http://www.bioconductor.org). All values of these canonical pathways were significant.
Table 1: Canonical pathways associated with the DEGs from 60 dpc.
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Chronic phase I of infection (120 dpc)
After microarray analysis of the 23,000 genes in tissues collected 
at chronic phase I of infection, 930 genes were found to be DEGs at 
the same time in all infected tissues, 800 of these genes displayed a ≥ 
1.3 fold change in expression. From the total of 930 DEGs, 800 genes 
were upregulated (613 known and 187 unknown genes), and 130 were 
downregulated (88 known and 42 unknown genes). Subsequently, the 
930 DEGs were characterized using the IPA tool detection of possible 
biological functions and main canonicals pathways (Table 2). In 
table 2 new pathways associated with the DEGs were also observed 
providing evidence of innate and adaptive immune responses. The IPA 
tool demonstrated that the DEGs were mainly associated with genetic 
disorders such as cell death, immune cell trafficking, gene expression, 
inflammatory response, antigen presentation, inflammatory/
immunological/infectious diseases, and cancer. 
Chronic phase II of infection (240 dpc)
From the 23,000 genes during the chronic phase II of infection 
at 240 dpi analyzed by microarrays, 744 were identified as DEGs. Of 
these DEGS, 658 genes displayed a ≥ 1.3 fold change, and 658 were 
upregulated genes (575 known and 83 unknown genes), while 83 were 
downregulated (63 known and 23 unknown genes). The IPA tool was 
used to detect biological significance in these DEGs. The pathways, 
IL-8 signaling, clathrin-mediated endocytosis signaling, leukocyte 
extravasation signaling, antigen presentation, Fcγ receptor, dendritic 
cell maturation, coagulation system, endocytic pathways, LPS/IL-1, 
JAK1, JAK2 and TYK2 related to interferon signaling, NF-κB activation, 
IL-22 signaling and interferon signaling pathways were suggested by 
these results. An association between DEGs and top function networks 
was also performed using the IPA, which demonstrated many functions 
including cell morphology, gene expression, cellular movement, 
cellular assembly and organization, immunological disease, cell-to-
cell signaling and interaction, cancer, infectious disease, reproductive 
system disease, inflammatory response, cell death, DNA replication, 
recombination, and repair. 
Comparison of DEGs among time points (acute, chronic I 
and chronic II) in B. ovis infected rams
The Venn diagram (Figure 1) illustrates the number of DEGs 
obtained in each of the four time points, as well as the number of DEGs 
shared between groups. From the 44 common DEGs (31 known genes) 
obtained in the comparison among the three groups (comparison 
4), only 8 had significant biological functions (Table 3). In Table 4, 
qPCR validated five DEGS: ATMIN (ATM interactor) gene, RCHY1 
(ring finger and CHY zinc finger domain containing 1), ANKFY1 
(ankyrin repeat and FYVE domain containing 1), EFEMP1 (EGF-
containing fibulin-like extracellular matrix protein 1) and Zinc finger, 
RAN-binding domain containing 2 (ZRANB2). The IPA tool allowed 
for comparison of the results of different tests. This feature enabled 
Canonical Pathwaysa nuity Canonical Pathways pp-valueb
Inhibition of Angiogenesis by TSP1 (tumor suppressor region 1) 1.73E00
Mechanisms of Viral Exit from Host Cells 1.25E00
PKCθ (protein kinase C theta ) Signaling in T Lymphocytes 8.05E-01
Caveolar-mediated Endocytosis Signaling 6.7E-01
FcγRIIB (Fc receptor or CD32) Signaling in B Lymphocytes 6.03E-01
Phospholipase C Signaling 4.97E-01
RhoA (RhoA kinase) Signaling 4.79E-01
Complement System 4.79E-01
NRF2(nuclear factor erythroid 2) mediated Oxidative Stress Response 4.36E-01
Lipid Antigen Presentation by CD1 4.28E-01
Role of JAK2 (Janus Kinase 2) in Hormone-like Cytokine Signaling 4.18E-01
Coagulation System 3.63E-01
Crosstalk between Dendritic Cells and Natural Killer Cells 3.55E-01
Cytotoxic T Lymphocyte-mediated Apoptosis of Target Cells 3.34E-01
Retinoic acid Mediated Apoptosis Signaling 3.25E-01
Endoplasmic Reticulum Stress Pathway 2.99E-01
Role of JAK1 (Janus Kinase 1), JAK2 and TYK2 (tyrosine kinase 2) in Interferon Signaling 2.81E-01
a Functional annotation analysis of the differentially expressed genes (DEGs) with the IPA (Ingenuity Pathway Analysis, http://www.ingenuity.com) tools. The IPA tool defines 
the most significant biological functions through association with the largest number of DEGs correlated to these functions. Canonical pathways are known classic routes 
and well-established of biological functions evidenced by validated genes. 
bP value determined from the average log2 ratio using Bioconductor (http://www.bioconductor.org). All values of these canonical pathways were significant.
Table 2: Canonical pathways associated with the DEGs from 120 dpc.
Figure 1 : Venn diagram showing the commom DEGs to all infected tissues 
obtained in each of the four comparisons, and the number of DEGs shared 
between the comparisons.
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identification of biological functions and/or enriched canonical 
pathways common to different analyses. When the results of the three 
IPA analysis were compared, the biological functions: immune cell 
trafficking, immunological disease, infectious disease, inflammatory 
disease, inflammatory response and cellular movement were significant 
for the three conditions tested (acute, chronic I and II), and a greater 
significance was observed for phase chronic II. 
Discussion
Acute phase of infection (60 dpc)
An association was demonstrated between significant DEGs 
and the canonical pathways at 60 dpi using the IPA tool which was 
indicative of an innate immune response in all infected tissues (Table 
1). The clinical presentation of ovine brucellosis, characterized by 
epididymitis and orchitis, was highlighted by general upregulation of 
genes in reproductive organs and lymph nodes (Figure 1 Supplementary 
material) [1]. Previous studies demonstrated the upregulation of 
pro-inflammatory genes as IL-1, IL-2 in infected rams [7]. Recent 
developments have shown that the inflammatory response induced by 
moderate brucelas likely represent a response directed toward escape 
and supression of the host immune response [6]. The upregulation 
of DEGs involved with the innate immune response in reproductive 
tissues and lymph nodes may have been directed toward elimination 
of the bacteria. The upregulation of genes during the acute phase of 
infection suggests a general antibacterial host mechanism in response 
to the intracellular pathogen [7]. The presence of genes associated with 
the IL-6 pathway, a Th2 cytokine, provided evidence of macrophage and 
humoral immune response activation which was described previously 
[18]. Activation of IL-12 suggested a response to bacterial infection 
and enhanced cell-mediated cytotoxicity [19]. As reported by Galindo 
et al. [7], B. ovis infection in rams at 60 dpi induces an activation of 
inflammatory and innate immune response pathways which contribute 
to development of a chronic B. ovis infection. By use of the IPA tool, 
evidence of an anti-inflammatory response against B. ovis was evident 
because of demonstration of macrophage migration inhibition factor 
(MIF) and IL-10 pathway. As reported [20], the presence of IL-10 
contributes to the control of the intracellular growth of Brucella spp.
Previous studies have reported that expression of the BOLA-
DQA and BOLA-DQB genes may contribute to the progression of 
mastitis [21]. In this study expression of upregulated genes during 
acute infection, including the BOLA-DQA1 and BOLA-DQB, and also 
suggestting that these genes were involved in the progression of B. ovis 
infection. BOLA genes, especially the major histocompatibility complex 
(MHC), genes have been associated with the genetic control of immune 
responses, during which they promote resistance or susceptibility to 
clinical mastitis [21]. In this study, the major histocompatibility complex 
class IIDQ alpha 2 (BOLA-DQA2) from the group of Bovine Leukocyte 
Antigen (BOLA) class II genes in the group of downregulated DEGs 
are involved in the immune response and were reported previously to 
be associated to mastitis resistance in dairy cattle [22]. Downregulation 
Gene description Genbank accession number qPCR annealing conditions
Arylsulfatase family, member K (ARSK)
F- tgatgcaagtggactggaag
R- atctaccgggtgcatttctg
NM_001035400 550C, 30s
Ring finger (RCHY1)
F - atgccttgcaatgaatctcc
R-  gcgcatacacaatggacatc 
NM_001083754 550C, 30s
Ankyrin (ANKFY1)
F- gactttgctgctgtggatga
R- ccaaaatgtgcagtggtgac
XM_606825 550C, 30s
EGF-containing fibulin-like extracellular matrix protein 1 (EFEMP1)
F- gtgcaatcctgggtttcagt
R- ccaggttcgttgacacattg
NM_001081717 550C, 30s
ATM interactor (ATMIN)
F- tacaccacaccgcagttcat
R- ttccgctggtctgagtttct
XM_001249565 550C, 30s
Zinc finger, RAN-binding domain containing 2 (ZRANB2)
F- aatgtgaattgggccagaag
R- ccaactgccttccctctgta
NM_001105346 550C, 30s
Histocompatibility complex, class II, DQ alpha, type 1(BOLA-DQA1)
F- agcctctgtggaggtgaaga
R- gctgccagacagtctccttc
NM_001013601 550C, 30s
MHC class II antigen (BLA-DQB)
F- cagatcaaggttcggtggtt
R- aagcctccaacaccactcag
NM_001034668 550C, 30s
Ovis aries glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
F- gggtcatcatctctgcacct 
R- ggtcataagtccctccacga 
NM_001190390 560C, 30s
Table 3: A: acute phase; C1: chronic phase 1; C2: chronic phase II.
Genes Relative fold-change of genes analysed by qRT-PCR.
Relative fold-change of genes 
analysed by microarray
Spearman’s correlation test 
(r-value)
ZRANB2 (C2) Zinc finger, RAN-binding domain containing 2 3.880 (±0.07; p=0.03) 6.33(±0.29) r=0.77
RCHY1 (C1) Ring finger 1.38(±0.21;p=0.04) 1.32 (±0.11) r=0.85
ANKFY (C1) Ankyrin 1.46(±0.54;p=0.03) 1.35(±0.11) r=0.9
ATMIN (A) ATM interactor 6.35(±0.04;p=0.01) 6.25 (±0.51) r=0.8
EFEMP1 (C1) EGF-containing fibulin-like extracellular matrix protein 1.76(±0.04;p=0.02) 1.88(±0.17) r=0.8
Table 4: Genes validated through qRT-PCR.
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of BOLA-DQA2 during the acute phase infection may represent a 
mechanism that B. ovis for evasion in infected rams of the immune 
response that was not reported previously reported. An understanding 
of the role of BOLA genes in ovine brucellosis may contribute to a better 
knowledge of different phases, including susceptible, chronic, and 
resistant disease. During the acute phase of infection, the pathogenicity 
of B. ovis in the infected tissues activates the immune response with 
participation of gene expression, pathways and networks directed 
primarily toward elimination of the bacteria. 
Chronic phase of infection I (120 dpc)
Many DEGs were observed in the infected tissues at the chronic 
phase I, with an increase in downregulated genes. These results are 
in accordance with Galindo et al. [7] and Antunes et al. [5], who 
reported that B. ovis induces downregulation of gene expression in 
order to supress the inflammatory host defenses infected rams. The 
inflammatory response induced by B. ovis represents an attempt to evade 
the immune response and suppress the host immune response [5,6]. In 
Table 2, the IPA tools through the canonical pathways emphasized an 
immune response associated with chronic of B. ovis infection. While 
this intracellular bacteria stimulates a cellular response [23], an effective 
response to Brucella spp. requires both humoral and cellular immune 
responses [24]. The canonical pathway NFAT remained significant until 
120 dpi, and this family of transcription factors plays an important 
role in the immune response [25]. At 120 dpi the JAK1 pathway was 
significantly altered, and this pathway is an essential signaling protein 
used by cytokines type I and type II in response to tumors [26]. TYK2 
was the first member of the JAK family described, and has been 
implicated in IFN-α, IL-6, IL-10 and IL-12 signaling [27]. The genes 
found in association with the canonical pathway of FcγRIIB receptor 
provided evidence of protective immune functions. The Fc receptor 
is a protein found on the surface of natural killer cells, macrophages, 
neutrophils, and mast cells that contributes to the activity of cytotoxic 
cells trough the antibody-dependent cell-mediated cytotoxicity [28]. 
IGF-1 canonical pathway was significantly upregulated in this study, 
which has been related to macrophages activation, thus contributing 
to the pathogenesis of B. ovis in rams [7,29]. Upregulation of genes 
associated with the CTLA4 canonical pathway suggested a tentative 
response directed toward suppression of the immune response to B. 
ovis because this signaling is transmitted as an inhibitory signal to T 
cells [30]. The upregulated genes associated to SAPK/JNK canonical 
pathway wich was significant at both 60 and 120 dpi demonstrated a 
cellular response direct toward elimination of B. ovis infection. This 
signaling is responsible for the nuclear production of NF-kB, TNF-α 
and IL-2 during T lymphocyte activation, which, in turn, regulates 
cell survival, apoptosis, and proliferation [31]. The canonical pathways 
VEGF remained activated at chronic phase I of infection. VEGF genes 
are associated with inflammatory reaction induced by intracellular 
bacterial infection [32]. The JAK-STAT canonical pathway appears to 
be relevant during acute phase of infection and chronic phase I. This 
pathway is a major signaling alternative to the second messenger system 
which is activated by a signal from interferon, interleukin, growth 
factors, or other chemical messengers that act in basic cell functions, 
such as cell growth, differentiation and death. Failure of JAK-STAT 
pathway can result in immune deficiency syndromes and cancer [33-36]. 
During the chronic phase I of infection, upregulation of BOLA genes 
(BOLA-DQA1 and BOLA-DQB) was observed in infected tissues, and 
suggested a role of these genes during ovine brucellosis. The BOLA-
DQA2 gene (MHC class I heavy chain) remained downregulated after 
the acute phase of infection. At the infected tissues, the upregulation of 
genes linked in canonical pathways associated with immune responses 
may represent an antibacterial mechanism of the host for elimination 
of B. ovis infection. 
Chronic phase of infection II (240 dpc)
At this stage of infection a strong cellular activation was noticed in 
the infected tissues, demonstrating the chronic establishment of ovine 
brucellosis. Chronic B. ovis infection is mainly recognized by the biological 
functions inflammation and coagulation. According to Bergmann and 
Hammershmidt [37], the interplay between blood coagulation and 
inflammation is essential for a host defense against intracellular infectious 
agents. However, this interpolation favors dissemination of bacteria 
within the host and contributes to evasion of the immune response. At 240 
dpi activation of inflammatory and LPS/IL-1 inhibition pathways were 
observed. Changes of gene expression during B. ovis late infection may be 
transient in order to extend the intracellular life of the pathogen, and may 
result due to upregulation of genes involved in bacterial phagocytosis 
and downregulating of genes resulting from a protective host defense 
mechanism [7]. Of the 86 downregulated genes observed, the analysis 
emphasizes downregulation of cytokine IL-2, BOLA and aquaporin. 
Galindo et al. [7] reported a Th1 profile and a suppression of Th2-type 
response at 60 dpi. During chronic infection II a notable upregulation 
of pro-inflammatory and phagocytosis genes as BOLA-DQA1, BOLA-
DQB and annexin was observed, demonstrating a polarization of Th1 
response. A Th2 response was also observed in the DEGs studied. The 
aquaporin genes are involved in the transport of small solutes and water 
channels, and alteration of these genes has been associated to several 
human diseases [35]. Dowregulation of the aquaporin genes appears to 
be a finding not reported previously as a mechanism of B. ovis during 
the onset of the disease. The the gene profile results in the late phase of 
infection suggested that B. ovis employs mechanisms that facilitate the 
persistence on the host.
Comparison of DEGs among infection phases (acute, chronic 
I and chronic II) and validation of the microarray analysis
Of the 8 genes that were chosen from the microarray result, five 
correlated with the data generated from qRT-PCR (Table 4 and Figure 
2). Differences in the reproductive tissues infected/uninfected ratio 
Figure 2: Relative expression of selected genes in rams with acute phase (A), 
chronic phase 1 (C1); chronic phase II (C2) B. ovis infection when compared to 
uninfected rams. The expression of selected genes was quantified by qRT-PCR in 
reproductive and pool of lymph nodes samples of experimentally infected sheep 
at 60 (C1), 120 (C1) and 240 dpc (C2). ATMIN: ATM interactor gene,  RCHY1: 
ring finger and CHY zinc finger domain containing 1, ANKFY1: ankyrin repeat and 
FYVE domain containing 1,  EFEMP1: EGF-containing fibulin-like extracellular 
matrix protein 1, and ZRANB2: Zinc finger, RAN-binding domain containing 2. 
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obtained by both methods may have resulted from variations in their 
sensitivity and from animal-to-animal variations, which were more 
evident in the qRT-PCR analysis with a larger number of animals [7]. 
The analysis during the acute phase of infection supported the relevance 
of the ataxia telangiectasia-mutated ATMIN (ATM interactor) gene. 
The ATM gene acts as a tumor suppressor, activated by DNA damage 
and interacts with a broad network of proteins as the tumor suppressor 
(p53), DNA repair factors (RAD50, RAD51, GADD45) and other 
signaling molecules (NF-kB). In addition to regulating DNA repair 
and the cell cycle, ATM can also trigger apoptosis in cells exposed to 
radiation [36]. ATM gene may be activated to cause apoptosis and release 
the bacteria from infected cells, thus contributing to immune response 
against R-B. ovis. The genes, RCHY1 (ring finger and CHY zinc finger 
domain containing 1), ANKFY1 (ankyrin repeat and FYVE domain 
containing 1) and EFEMP1 (EGF-containing fibulin-like extracellular 
matrix protein 1), were also highlighted by the analysis during chronic 
phase I of infection. The RCHY1 gene is expressed at higher levels 
in liver, testis and heart promoting p53 degradation. Higher levels 
of expression of RCHY1 have been associated to lung tumorigenesis 
[37]. Ankyrin proteins have been associated with a number of human 
diseases, including the cell cycle inhibitor p16, which is associated with 
cancer [38]. EFEMP1 gene has been shown to promote tumor growth 
in human adenocarcinoma [39]. The genes RCHY1, ANKFY1, and 
EFEMP1 were shown to be involved in cancer, which could be relevant 
in ovine brucellosis because of the role they play in the initiation of 
apoptosis, inhibition of cell cycle and progression of infection. ZRAB2 
was validated at chronic phase II; this gene was implicated in regulation 
of mRNA processing [40]. This study represents the first analysis of 
microarray gene expression in different tissues of rams infected with 
of B. ovis at various times during infection [60 dpi (acute phase), 120 
dpi (chronic phase I), and 240 dpi (chronic phase II)], and many of 
the genes identified require further study. Future studies are needed 
focusing on the common genes altered at the three times of infection 
using the PCR array tool. The microarray results of rams demonstrated 
a list of commom DEGS due the comparison in each time point among 
the six infected reproductive tissues and the six controls tissues, giving 
a pattern of gene expression in reproductive tissues and pool of lymph 
nodes experimentally infected with B. ovis. The microarray used for this 
study was designed for gene expression in cattle, and validation of these 
common DEGs will be necessary to avoid the underestimation of gene 
expression in rams involved in the pathogenesis of B. ovis..These results 
expand knowledge of the the pathogenesis of this B. ovis strain infection 
in rams and suggest new genes and pathways for futher investigation. 
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